The aim of this study was to explore the impact of LBH589 alone or in combination with proteasome inhibitor bortezomib on multiple myeloma (MM) cell proliferation and its mechanism.
Background
Multiple myeloma (MM) is a plasma cell malignant proliferative disease that seriously affect patient health. The current MM treatment of conventional chemotherapy drugs have basically increased the risk of a second cancer, and multidrug resistance (MDR) phenomenon have appeared in MM cells [1] . Therefore, searching for an effective diagnostic strategy and new anti-tumor drugs for MM is becoming more necessary and urgent [2] . New anticancer treatment strategies focus on targeting intrinsic molecular mechanisms of tumor cells, which could offer higher efficacy with less adverse effects [3, 4] . Among these novel anticancer family drugs, which provided promising results, are histone deacetylase (HDAC) inhibitors [5] [6] [7] [8] [9] .
HDACi, a class of enzymes that participate in chromatin remodeling, play important roles in the regulation of numerous biological processes, mainly via transcription inhibition [10] [11] [12] . In recent years, a growing number of studies have confirmed HDAC inhibitors can be used as novel anti-tumor agents. As a new generation of HDAC inhibitor, LBH589 has been verified to have anti-tumor activity. LBH589 exerts its anti-tumor roles mainly via inducing tumor cell apoptosis and HDACs inhibition [13] [14] [15] . LBH589 has been found to prevent human renal cell carcinoma development by inducing cell cycle arrest and cell apoptosis [16] . Fortunati et al. reported that LBH589 has anti-proliferative and anti-invasive capabilities in triple-negative breast cancer (TNBC) [17] . Jeon et al. suggested that LBH589 could induce oral squamous cell carcinoma cell apoptosis via regulating of Sp1 gene expression [18] . LBH589 demonstrated anti-myeloma activity across a range of human myeloma cell lines and significantly repressed the growth of multiple myeloma cells and fresh cells from multiple myeloma patients (IC50 <40 nmol/L), including cells resistant to standard chemotherapeutic agents [19, 20] . HDAC inhibitors combined with dexamethasone (Dex), bortezomib, and insulin-like growth factor-1 (IGF-1) inhibitors have synergistic cytotoxicity against MM, as have tyrosine kinase inhibitors [21] [22] [23] [24] [25] . Phase 1 and 2 clinical trials of hydroxamic acid-derived HDAC inhibitors LBH589 and suberoylanilide hydroxamic acid (SAHA) for the treatment of MM are now under way in the United States [26, 27] .
The results of the present study show that LBH589 notably suppressed growth of multiple myeloma cells and bone marrow mononuclear cells of relapsed or refractory multiple myeloma patients (RRMM-BMMNC) and enhanced the cytotoxicity triggered by bortezomib. LBH589 induced cell cycle arrest and apoptosis of multiple myeloma cells through caspase-dependent pathways. Furthermore, gene expression results uncovered a group of proteins, such as Caspase3, APAF1, and TOSO, which may play a relevant role in multiple myeloma and RRMM-BMMNC apoptosis.
Material and Methods

Cell culture
The human MM cell line U266 and was preserved by long-term liquid nitrogen storage in our department. Recurrence of refractory multiple myeloma patients with bone marrow mononuclear cells were obtained from the Department of Hematology, Second Hospital of Shanxi Medical University. U266 cells were cultured in RPMI 1640 (GIBCO, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum (Sijiqing, Hangzhou, China) and incubated at 37°C with 5% CO 2 .
Bone marrow from patients with recurrent refractory multiple myeloma was collected, then bone marrow mononuclear cells were isolated. RRMM-BMMNC was cultured in RPMI-1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. LBH589 (Biovision) was dissolved in DMSO and Bortezomib dissolved in saline, then diluted in media for cell culture experiments.
Cell proliferation assay
The proliferation of multiple myeloma U266 cells and RRMM-BMMNC was examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. U266 and RRMM-BMMNC cells (1×10 5 ) were plated in a 96-well plate and cultured overnight at 37°C. The cells were then incubated with 0, 10, 20, and 50 nM LBH589 or 10 and 20 nM Bortezomib combined with 50 nM LBH589 for 24 or 48 h, respectively. The control group was treated with same volume of RPMI 1640 medium. Every drug concentration was carried out by at least 4 replicate wells. Then, each well received 204 μl MTT solution, incubated for 4 h at 37°C, centrifuged (4°C, 1000 r/min, 10 min), and the supernatant was discarded. We added 200 μl DMSO per well, then light oscillation for 10 min, and the optical density (OD) values at 492 nm were detected with a microplate reader. Finally, the relative survival rate of the cells was calculated.
Cell cycle and cell apoptosis assay
The RRMM-BMMNC (1×10 6 /ml) were seeded in 24-well plates and treated with different concentrations of drugs. After 48 h, the cells were collected and centrifuged to remove the supernatant, then washed with cold PBS (1000 r/min centrifuge for 5 min). The cells were re-suspended in 1× staining solution, 5 μl of propidium iodide, and 25 μg/ml RNaseA were added, and the cells were incubated at room temperature for 
Western blotting
RRMM-BMMNC were treated with different concentrations of LBH589, and 24 h later, total cellular proteins were extracted by using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China). The protein samples were separated by using 10% SDS-PAGE gels, and then transferred to a PVDF membrane (Millipore, Bedford, MA). After blocking with 5% non-fat milk, the membranes were then probed with antibodies against Acetyl-H4 (1: 1000, Cell Signaling Technology), PARP (1: 1000, Cell Signaling Technology), and Bcl-x (1: 1000, Cell Signaling Technology). Membranes were washed 3 times and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. The enhanced chemiluminescence detection system was used to visualize the immunoreactive bands. 
Results
Effects of LBH589 therapy or combination with bortezomib therapy on the proliferation of MM cells
MTT assay showed that the proliferation of U266 and RRMM-BMMNC was inhibited by the LBH589 or combination with bortezomib. At the same time point, different concentrations of LBH589 on the inhibition of cell proliferation was significantly different (P<0.01) (Table 1) , the inhibition rate showed a dosedependent effect. At the same concentration, the inhibition rate at 48 h was significantly higher than that at 24 h (P<0.01) ( Table 1 ). The inhibitory effect of the combination of the 2 drugs was stronger than that in the single-drug group (P<0.01).
Effect of LBH589 monotherapy or combination with bortezomib on cell cycle and apoptosis
Cell cycle results showed that 48 h after LBH589 treatment, the cells in G0/G1 phase increased and G2/M phase and S phase decreased compared with control group (Figure 1 , Table 2 ), indicating that the cells were arrested in G0/G1 phase and the blocking effect were enhanced with increasing LBH589 concentration. After 48-h treatment, the cells in the control group had no obvious apoptosis, and the apoptosis rate of the LBH589-treated group increased gradually in a concentration-dependent manner. Compared with LBH589 monotherapy group, using LBH589 combined with bortezomib significantly increased the apoptosis rate, and more cells were arrested in G0/G1 phase. 
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Effects of LBH589 treatment on Caspase3, APAF1, and TOSO expression in RRMM-BMMNC To explore the mechanism by which LBH589 causes apoptosis in RRMM-BMMNC, we assessed the expression of Caspase3, APAF1, and TOSO, which are recognized markers of apoptosis by Q-PCR. The result showed that the expression of pro-apoptotic gene Caspase3 and APAF-1were increased after 24 h or 48 h of treatment with 20 nM and 50 nM LBH589 (Table 3) , and the expression level of TOSO, a drug resistance gene, was decreased. Effects of LBH589 treatment on Histone H4 acetylation, and PARP, Bcl-X protein expression in RRMM-BMMNC
The Western blotting results of the present study suggest that LBH589 markedly induced the hyperacetylation of histone H4, notably up-regulated the protein expression level of PARP, and down-regulated the protein expression level of Bcl-X ( Figure 2 , Table 4 ).
Discussion
Histone acetyltransferase (HAT) and histone deacetylase (HADC) regulate the acetylation and gene transcription of nuclear proteins. Histone lysine residues acetylation neutralize the positive charge of histone, make the affinity of histone and negatively charged DNA decreased, changes the nuclear body configuration, finally makes the transcription factor easy to bind DNA and promote gene transcription, while histone deacetylation inhibits transcription. The imbalance of histone acetylation regulated by these 2 enzymes breaks the original balance of gene expression, resulting in the expression imbalance of a number of cell proliferation and cell cycle related molecule, leading to cell malignancy [28, 29] . Studies have shown that HDACi, as a class of anti-tumor drugs, can inhibit the activity of HDAC, induce highly acetylated histones in target cells, and regulate some specific gene expression, thus block the growth of tumor cells [30] .
The hydroxamic acid LBH589 is a new type of HDACi, which has a strong effect on MM cells, with high efficiency, low toxicity, anti-drug resistance, and synergistic effect combined with other drugs [31] [32] [33] .
Our results show that LBH589 monotherapy or combination with bortezomib can inhibit the growth of myeloma cells (U266 and RRMM-BMMNC) in a time-and dose-dependent manner. 
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We observed the drug sensitivity of U266 cells were higher than RRMM-BMMNC, fully demonstrated RRMM-BMMNC have drug resistance, and proved that LBH589 is resistant to drugresistant cells. LBH589 combined with 10 and 20 nmol/L bortezomib showed stronger inhibitory effect than LBH589 alone. It is clear that LBH589 has a synergistic effect with bortezomib and can exert a more potent effect. Using low concentrations of LBH589 can have significant inhibition effect on U266 and RRMM-BMMNC, indicating that LBH589 is a highly effective anti-MM drug able to overcome drug resistance, and it is superior to other HDACi, such as SAHA and NVP-LAQ824 [26, 27, 34] . In summary, LBH589 is a new type of chemotherapeutic agent with high efficiency, low dosage, and resistance to drug resistance.
In this study, we found that LBH589 as a single agent or in combination with bortezomib can cause RRMM-BMMNC cell cycle arrest in G0/G1 phase, and with increased drug dose, more cells were arrested in this phase. G2/M and S phase cells were gradually decreased, suggesting that LBH589 has the function of regulating G0/G1 phase detection point, indicating that the most sensitive point of drug action may be in the G1 phase. It is presumed that apoptosis may occur in G1 phase, apoptosis occurs after 48 h of drug action, and the apoptosis rate was also dose-dependent. This indicates that LBH589 has the effect of arresting cell cycle and inducing apoptosis.
Caspase-3 is a member of the caspase family and is the most important terminal cleavage enzyme in the process of apoptosis. It is also an important component of the cytotoxic T cell (CTL cell) killing mechanism. Caspase-3 is the core player in apoptosis and has an essential role in apoptosis. PARP is a DNA repair enzyme, a cutting substrate of Caspase-3, and the cut PARP can be used as a molecular marker of apoptosis, thus playing an important role in DNA damage repair and apoptosis [35, 36] . The results showed that the expression of RRMM-BMMNC Caspase-3 and PARP was up-regulated after LBH589 treatment. The up-regulation effects were time-and dose-dependently, indicating that LBH589 induced myeloma cell apoptosis through the caspase pathway, which is one of the mechanisms of apoptosis induced by LBH589 in MM cells.
In addition, APAF-1, an apoptotic protease activator, has been shown to be up-regulated in MM cells when treated with HDACi SAHA. Recent studies have also shown that down-regulation of APAF-1 can prevent SAHA-induced apoptosis [37] . Our results show that LBH589 treatment could up-regulate the expression of APAF-1 in RRMM-BMMNC, enhance the drug sensitivity of drug-resistant cells, and induce cell apoptosis, which may be an important factor for the induction of apoptosis of MM cells induced by LBH589.
Studies have shown that tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a member of the tumor necrosis factor (TNF) family, which induces cell apoptosis by interacting with 2 apoptosis receptors: TRAIL-R1 and TRAIL-R2. Tumor cells have been shown to be tolerant to TRAIL-induced apoptosis and to inhibit apoptosis. Addition of HDACi trichostatin (TSA) up-regulates TRAIL receptors, enhancing the sensitivity of cells to TRAIL-mediated apoptosis [38] . Insinga et al. [39] found that HDACi redistributes death receptors, restoring the response of MM cells to the apoptotic signal, or by activating specific gene expression, and down-regulating the negative regulation of Fas ligand (FasL) or TRAIL.
The TOSO gene is a negative regulator of apoptotic signals in hematopoietic cells and is a member of the immunoglobulin super-family. It has been reported that the TOSO gene negatively regulates TRAIL-induced apoptosis in other cell types, and it inhibits tumor cell apoptosis [40] [41] [42] . Thus, the TOSO gene may be a drug-resistant gene, and LBH589 can downregulate the expression of TOSO gene, which in turn can increase TRAIL-R1 and TRAIL-R2, recover the sensitivity of drugresistant cells to TRAIL-mediated apoptosis, and re-promote cell apoptosis. In addition, Bcl-X gene, a member of the Bcl-2 gene family, is an anti-apoptotic gene. Studies have confirmed that Bcl-X gene has an important role in the regulation of apoptosis and cell resistance. For example, Bcl-X gene was observed to be highly expressed in the tissue sections in dexamethasone and melphalan treatment failure MM patients, resulting in apoptosis inhibition and drug resistance [43] . In the present study, we found that LBH589 down-regulates the expression of Bcl-X gene, and also promotes cell apoptosis. The acetylation of histone H4 was more and more obvious with increasing drug dose, which indicated that LBH589 could highly activate acetylate histone in MM cells, and the expression of TOSO and Bcl-X gene were down-regulated. Therefore, LBH589 can induce the down-regulation of TOSO and Bcl-X gene expression by inducing a high degree of acetylation of histone in MM cells, so as to restore the sensitivity of drug-resistant MM cells, re-promote the apoptosis of MM cells, and finally achieve the goal of anti-drug resistance.
In summary, LBH589 is a new effective MM targeted therapy drug, but reversing the drug resistance through changing the relevant gene expression via inducing the histone hyperacetylation in MM cells is only one aspect. Currently, research on LBH589 in the reversal of drug resistance in drug-resistant MM cells is still in the initial stages, and further experiments and explorations are needed.
Conclusions
Our data suggest that LBH589 can inhibit the growth of MM cells, block the cell cycle, and induce cell apoptosis, which has an anti-resistant effect on multidrug-resistant cells. LBH589 in combination with bortezomib has a synergistic effect on myeloma cells, and its mechanism and reversal of drug resistance involves in multiple changes in gene expression. LBH589 is a new effective MM targeted therapy drug for multiple myeloma treatment; however, due to some limits in the present study, further experiments and explorations are still needed.
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